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INTRODUCTION 


High  strength  aluminum  alloys  like  A1  707S-T6  and  2024-T3  are  widely  used 
structural  materials  in  the  aircraft  industry.  These  alloys,  however,  have  poor  resistance 
to  corrosion.  In  order  to  protect  them  they  have  to  be  pre-treated  with  a  corrosion 
inhibitor  or  a  passivating  agent  which  can  form  a  corrosion  resistant  chemical  conversion 
coating  prior  to  painting.  Conventionally,  die  process  used  involves  hexavalent 
chromium  that  provides  a  high  degree  of  corrosion  inhibition.  However,  hexavalent 
chromium  is  a  known  carcinogen  and  has  to  be  replaced  wherever  possible.  The  human 
health  risk  con^ntration  for  chromium(III)  is  at  least  200  times  higher  than  that  for 
chromiumfVI).  I 

Recently  an  alternative  method  has  been  developed  to  provide  high  corrosion 
protection  for  aluminum  alloys  without  using  hexavalent  chromium  solutions^.  This 
method  is  based  on  the  idea  of  using  trivalent  chromium  bath  to  impart  corrosion 
resistance.  It  has  been  shown  that  triv^ent  baj^  alone  can  provide  corrosion  protection 
for  up  to  196  hours  in  a  3.5%  salt  spray  test^.  However,  a  subsequent  post-treatment 
with  an  oxidizer  such  as  hydrogen  peroxide  results  in  an  added  protection  for  more  than 
336  hours. 

In  this  study  electrochemical  techniques  have  been  applied  to  get  more  detailed 
information  about  the  protective  properties  of  the  conversion  coatings.  Electrochemical 
impedance  spectroscopy  (EIS)  has  been  proven  to  be  a  useful  technique  for  evaluating 
corrosion  protective  layers  and  the  mechanism  of  protection  within  a  short  time.^'® 
Generally,  the  low  frequency  region  of  the  EIS  spectra  shows  the  influence  of  the 
protective  layers  on  the  polarization  resistance  as  well  as  their  capacitance.  EIS  can  also 
distinguish  ^tween  electrochemical  processes  with  different  time  constants,  i.e.,  if  a 
coating  is  porous  or  some  other  time  dependent  phenomenon  is  occurring. 

The  information  about  the  electrochemical  processes  occurring  at  a  metal  surface 
are  obtained  by  interpretation  of  the  impedance  spectra  in  terms  of  electrical  analogs 
(model  circuits).  Earlier  publications  on  this  subject  have  proposed  several  models  for 
Ae  EIS  behavior  of  aluminum  alloys  with  protective  surface  layers  (coatings)^’ '>9. 
Mansfeld  and  Shih^  fit  the  impedance  sp^tra  of  a  porous  coating  or  surface  layers  with 
holes  with  an  electrical  analog  that  consists  of  boA  the  impedances  of  the  passive  film 
and  the  holes  in  parallel.  This  suggests  that  as  a  consequence  of  direct  contact  between 
the  metal  and  electrolyte  at  the  bottom  of  the  pores,  there  must  be  a  second  time  constant 
at  low  frequencies.  An  ideal  p^ive  surface  film  is  equivalent  to  a  simple  parallel 
circuit  of  the  capacitance  and  ohmic  resistance  of  the  surface  layer. 

The  dc-i^tentiodynamic  polarization  scans  (E  vs.,  log  i  plots)  also  provide 
valuable  information  about  the  electrochemical  nature  of  the  surface  layers  (cathodic  or 
anodic),  their  kinetics  of  dissolution  and  passivation.  A  decrease  in  the  exchange  current 
density,  i.e.,  increase  in  charge  transfer  resistance,  indicates  passivation  and  also  a 
possibility  that  the  range  of  the  passive  potential  may  be  larger.  However,  the 
polarization  scan  changes  the  surface  irreversibly,  thus,  can  only  be  done  once. 
Ac-impe^ce  measurements  require  only  a  small  amplitude  signal  (potential)  for 
polarization,  thus,  do  not  affect  the  surface  and  can  be  repeated  frequently  with  time. 
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EXPERIMENTAL  PROCEDURE 


Sample  Preparation 

The  trivdent  chromium  conversion  coatings  (tccc)  were  applied  as  described  in 
detail  elsewhere^.  After  cleaning  and  deoxidizing  the  aluminum  samples  (A1  707S-T6 
and  A1  2024-T3)  were  treated  in  a  bath  containing  4g/l  Cr4(S04)5(0H)2  [Fluka  Co. 
reagent],  0.4g/l  Na2SiF5  and  20  ml/1  0.5N  NaOH  at  room  temperature  for  10  minutes. 
The  panels  were  rinsed  with  water  after  each  step.  Some  of  the  specimens  were  post- 
treat^  for  30  seconds  either  in  10  ml/1  H2O2  (30%)  at  room  temperature  and  drain 
dried  without  rinsing  or  in  5g/l  KMn04  at  room  temperature,  and  rinsed  and  drain 
dried.. 


For  comparison,  aluminum  panels  without  any  conversion  coating  were  cleaned 
and  deoxidized  as  described  above,  and  a  commercial  chromate  conversion  coating  (ccc) 
Alodine  1200  was  applied  to  aluminum  panels  according  to  standard  practice  (MIL-  C- 
5541). 

Electrochemical  Measurements 

The  test  equipment  for  EIS  measurements  consisted  of  a  Schlumberger  SM255 
frequency  re^nse  analyzer  and  a  PAR  273A  potentiostat.  Data  were  collected  using  the 
PAR  M388  software  on  a  386  PC.  For  frequencies  below  5  Hz  this  software  creates  a 
pseudo-random  white  noise  signal  with  20  different  frequencies  and  calculates  the 
impedance  by  Fourier  transformation  to  make  the  measurement  time  shorter. 

The  test  cell  consisted  of  a  glass  cylinder  clamped  with  an  0-ring  seal  at  one  end 
to  the  specimen  surface  for  the  HS  measurements.  The  exposed  surface  area  of  the 
specimen  was  approximately  9  cm^  and  the  cell  contained  about  45  ml  of  electrolyte. 
The  counter  electrode  was  a  Pt  disk  with  a  hole  in  the  middle  to  allow  the  capillary  of 
the  saturated  calomel  reference  electrode  tip  to  reach  about  one  mm  above  ^e  specimen. 
The  impedance  measurements  were  made  as  a  function  of  exposure  time  to  a  3.5%  NaCl 
solution  that  was  open  to  air.  A  sine  wave  of  10  mV  amplitude  was  applied  to  the  cell  at 
the  open-circuit  potential.  The  frequency  was  changed  stepwise  in  the  range  from  10  kHz 
to  5  mHz  in  most  cases. 

The  dc-polarization  measurements  of  conversion  coated  specimens  in  3.5%  NaCl 
solution  were  made  using  a  PAR  273  potentiostat.  The  working  electrode  was  a  disk  of 
the  test  matmial  that  was  mounted  in  a  Teflon  q)ecimen  holder  with  an  approximate 
exposed  surface  area  of  1  cm^  and  sealed  with  an  0-ring.  A  potential  scan  rate  of  10 
mV/min  was  used  /or  polarization  in  either  direction  from  the  r^n-circuit  potential.  A 
new  surface  area  was  used  for  each  scan.  A  sevoi-point  averaging  meAod  was  used  to 
generate  the  polarization  curves. 

Salt  Spray  Tests 

The  results  of  the  electrochemical  measurements  were  compared  with  the  direct 
salt-exposure  tests  of  3  inch  x  5  inch  (^-panels  in  a  5%  NaCl  salt  fog  chamber.  Both 
scribed  and  unscribed  pa^ls  were  used.  A  standard  ASTM  test  method  B-1 17  was  used 
for  various  exposure  p^ods. 
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RESULTS  AND  DISCUSSION 

The  EIS  measurements  have  been  used  to  compare  different  kinds  of  conversion 
coating  on  A1  7075-T6  panels  with  each  other.  The  spectra  typically  show  the  plots  of 
impedance  |Z|  and  the  phase  angle  versus  frequency  in  Bode-plots.  Generally,  in  the 
low-fi%quency  domain  die  data,  both  the  impe^ces  and  the  phase  angles,  are  rather 
scattered;  it  is  probably  because  the  open-circuit  potentials  are  not  steady.  The  spectra 
in  figure  1  rfiow  the  effect  of  exposure  time  on  bare  aluminum  7075-T6  alloy.  The 
polarization  resistance  of  bare  aluminum  was  low,  about  20  kohms  according  to  the 
plateau  in  low  frequency  domain  of  the  impedance  plot,  and  did  not  change  much  from 
Ihour  to  Iday  exposure,  however,  the  shift  of  phase  angle  was  quite  signiEcant  between 
1  hour  and  1  day.  At  low  frequencies,  below  0.1  Hz,  a  second  time  constant  and  phase 
shift  is  indicative  of  pitting  mechanism  and  its  growth  with  time;  after  1  day  exposure 
there  is  no  appreciable  change  in  the  phase  angle  plots  (between  1  and  6  days).  The 
circuit  model  of  N^sfeld  and  Shih  was  used  in  this  study  and  the  results  report^  were 
in  good  agreement.  In  fact,  severe  pitting  corrosion  was  observed  on  the  bare  aluminum 
after  one  day  of  immersion. 

By  comparison,  the  spectra  for  trivalent  chromium  conversion  coating  with 
permanganate  post-treatment  (tccc/KMn04)  and  chromate  (hexavalent)  conversion 
coating  (ccc)  were  fairly  smooth  showing  very  little  excursion  at  low  frequencies  and 
only  one  time  constant  (see  Figures  2  and  3).  The  polarization  resistance  of  the  trivalent 
chromium  conversion  coating  (tccc),  which  equals  the  low  frequency  plateau  of  |Z|  is 
either  equal  or  higher  than  that  of  the  chromium(VI)  conversion  coating  (ccc).  Actually, 
both  the  tccc  and  ccc  curves  show  no  plateau  within  the  low  frequency  limits  of  the 
measurement,  thus,  the  polarization  resistance  has  to  be  at  least  1  Mohm  (see  Figure  2). 
This  high  resistance  is  an  indication  of  excellent  corrosion  protection  by  tccc,  at  least  2 
to  3  orders  of  magnitude  better  than  the  bare  surface.  The  spectra  show  very  little 
change  with  exposure  periods,  e.g.  from  1  hour  to  6  days.  The  shift  of  phase  angle  is 
almost  insignificant  for  ccc  and  only  very  slight  after  1  hour  exposure  for  tccc  (cf. 
Figures  2  and  3).  The  conversion  coated  sp^imens  show  a  broad  maximum  of  the  phase 
angle.  This  appears  in  cases  of  compact  highly  resistive  coatings  on  a  metal  surface. 
Even  though  most  of  the  samples  had  few  pits  after  several  days  (4  to  15  d)  of 
immersion,  the  impedance  spectra  hardly  show^  any  decrease  in  polarization  resistance 
and  no  second  time  constant  appeared  other  than  expected  from  measurements  of  pitted 
aluminum^»9,  jhe  reason  becomes  obvious  when  c^culating  the  resistance  of  the  pitted 
tccc  sample.  Based  on  the  polarization  resistance  of  the  bare  aluminum  and  the  estimated 
pit  area  of  0.7xl0'3cm2.  pit  resistance  in  parallel  with  the  coating  resistance  would 
be  30  Mohms,  which  is  about  30  times  higher  than  that  of  the  coating.  This  means  a 
second  time  constant  is  only  possible  at  lower  frequencies  than  the  coating  resistance 
plateau  be;^ond  the  measurement  range.  Only  in  cases  where  severe  pitting  occurred,  a 
plateau  or  increase  in  the  phase  angle  could  be  observed  at  the  low  frequency  limits. 

With  both  conversion  coatings,  the  resistance  increases  initially  and  remains  at  its 
very  high  level  for  days.  This  initial  increase  of  the  low  frequency  resistance  limit  is 
assumed  to  be  due  to  filling  of  pores  in  the  conversion  coating  with  corrosion  products 
which  retarded  corrosion  reactions  at  the  anodic  sites.  It  has  been  found  that  rinsing  the 
surface  and  changing  the  electrolyte  has  no  effect  on  the  resistance  and  capacitance.  This 
means  there  is  no  layer  that  can  be  removed  easily.  On  the  other  hand,  after  rinsing  bare 
aluminum  the  resistance  goes  down  towards  the  initial  value  again. 

To  demonstrate  the  effect  of  passivation  on  the  polarization  resistance  of 
aluminum,  a  comparative  measurement  of  the  impedance  spectra  was  done  in  a  test 
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solution  containing  5%  Na2Cr207.  It  was  found  that  the  resistance  of  bare  aluminum 
and  tccc  widiout  the  post-treatment  went  up  by  a  factor  of  10.  The  polarization 
resistance  of  post-treated  tccc  doubled.  Thus  the  higher  resistance  observed  with  oxidized 
tccc  or  ccc  was  most  likely  due  to  anodic  passivation  at  defect  sites  of  coating.  It  is 
because,  the  hexavalent  chromium  formed  during  the  process  or  present  in  the  ccc  type 
coating  has  been  known  to  form  a  passive  film. 

In  order  to  study  the  pitting  effects  the  conversion  coated  surface  were  scribed 
and  then  studied  with  EIS  measurements.  It  was  shown  that  like  in  the  case  of  pitted 
surface  ^ere  did  not  appear  a  second  time  constant  within  the  measurement  range  of  the 
EIS,  and  the  capacitance  did  not  increase  markedly.  However,  with  a  scribe  surface  area 
of  0.02  cm^  the  total  polarization  resistance  was  lowered  to  the  range  of  400  to  1000 
kohm.cm^.  Although  ttiis  method  does  not  directly  relate  to  pitting  behavior,  the  values 
of  resistance  of  such  scratched  surfaces  would  reflect  upon  their  susceptibility  to  pitting 
or  healing. 

Figures  4  and  5  show  the  plots  of  polarization  resistance,  Rp  and  the 
capacitance,  C  versus  time  for  various  post-treatments  of  tccc  coatings,  respectively.  The 
points  on  the  curves  represent  average  values  of  the  data  obtained  from  at  least  four 
separate  measurements.  Whenever  there  was  no  low  frequency  plateau  of  the  log  \Z\ 
vs.  log  f  plot  the  curve  has  been  extrapolated  to  0.001  Hz  to  obtain  a  value  of  Rp.  The 
higher  resistance  of  the  post  treated  samples  compared  to  non  post-treated  samples  means 
that  corrosion  is  retarded.  The  coating  resistance  of  the  post  treated  samples  stayed  at  a 
level  which  was  about  50  to  100-fold  higher  than  for  bare  aluminum  even  after  a  long 
exposure  (more  than  20  days).  After  about  two  weeks  of  immersion  the  resistance  of 
the  tccc  went  down  no  matter  what  the  post-treatment  was  and  pitting  was  observed. 
The  EIS  behavior,  i.e.  resistance  and  capacitance  has  been  similar  to  that  observed  with 
an  artificial  pit  (scratch). 

The  improved  corrosion  protection  of  tccc  with  oxidative  post-treatments  was  also 
evident  from  s^t  spray  test  results^.  After  336  hours  of  salt  spray  exposure  there  was  no 
corrosion  on  the  permanganate  post-treated  panels;  the  peroxide  post-treated  panels  were 
only  slightly  corroded  and  the  non  post-treated  panels  were  slightly  more,  >  5% 
corroded.  This  is  well  corroborated  by  the  polarization  resistance  data  as  shown  in 
Figure  4.  A  chemical  analysis  of  the  post-treated  conversion  coating  indicated  that  the 
coating  contained  some  hexavalent  Cr;  only  less  than  2%  of  trivalent  Cr  was  converted 
into  hexavalent  form  after  the  oxidizing  post  treatment. 

The  ccc  coating  unexpectedly  showed  a  lower  resistance  than  the  oxidized  tccc  in 
the  first  three  weeks  of  immersion,  however,  it  remained  at  that  level  for  a  longer  period 
of  time  indicating  a  better  long  term  protection  (see  Figure  4). 

The  capacitance  as  reported  in  Figure  5  has  been  calculated  using  the  equation: 

C  =  1/  2  7iP.Z".A  (1) 

The  frequen<^  f*  at  the  maximum  of  the  phase  angle  proved  to  give  the  best  values  for 
capacitance  C  with  an  equivalent  test  circuit,  Z"  is  the  imaginary  component  of  the 
impedance  and  A  is  the  surface  area  of  the  panel  exposed  to  electrolyte. 

According  to  Figure  5,  initially  there  is  some  increase  in  the  capacitance, 
suggesting  that  the  conversion  coating  is  becoming  thinner,  porous  or  there  is  some 
soaking  with  water.  The  latter  seems  to  be  more  likely  because  after  about  one  day  there 
is  a  saturation  and  the  capacitance  stays  at  a  rather  constant  level.  Compared  to  tccc,  the 
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lower  capacitance  of  the  ccc  indicates  a  higher  coating  thickness  which  was  verified  by 
SEM.  The  initial  capacitance  of  bare  aluminum  is  only  slightly  higher  than  that  found 
with  conversion  coatings  suggesting  that  there  is  a  thin  layer  on  its  surface,  obviously  an 
oxide  film  whose  thickness  is  almost  like  that  of  the  conversion  coating  provided  its 
dielectric  constant  remains  the  same.  Here,  a  large  increase  in  C  shows  severe 
degradation  of  the  oxide  film  because  there  is  no  passivation. 

The  corrosion  resistance  of  aluminum  alloys,  with  or  without  a  conversion 
coating,  can  be  further  improved  by  a  post-treatment  with  an  inhibiting  mixture  of 
quaternary  ammonium  salts  of  dichromate,  nitrite,  borate  and  molybdate  cdled  DN6M. 
Tills  DNBM  system  was  studied  earlier  as  a  post-treatment  for  Alodine  1200  conversion 
coating  and  was  found  highly  effective  in  enhancing  corrosion  resistance^.  Hence,  the 
use  of  DNBM  treatment  on  bivalent  chromium  conversion  coating  of  aluminum  A1 
7075-T6  alloy  was  of  interest,  thus  studied  via  EIS  measurements.  Figures  6,  7  and  8 
show  the  results  of  these  measurements  as  Bode  \Z\  and  phase  angle  plots.  In  general, 
the  EIS  data  show  a  much  broader  phase  angle  maximum  and  higher  impedance  plateau 
(polarization  resistance)  for  the  bare  aluminum  treated  with  DNBM  (see  Figure  6)  than 
for  the  non-oxidized  (without  post-beatment)  conversion  coating  (see  Figure  7)  and 
compared  to  those  in  Figure  1.  Also  the  impedance  data  in  the  low  frequency  domain 
are  much  more  stable  during  immersion  time.  The  post-beated  conversion  coatings, 
however,  could  not  be  improved  further  by  the  DNBM  beatment  (see  Figure  8)  most 
probably  because  post-treatment  provided  sufficient  passivating  property  to  foe  coating  to 
start  with.  The  effect  of  DNBM  on  foe  polarization  resistance  within  foe  first  few  days 
of  exposure  in  3.5%  NaCl  solution  has  been  summarized  in  Figure  9.  After  a  longer 
exposure  time,  however,  foe  protection  by  foe  DNBM  diminish^  as  its  Rp  value  went 
down  and  pitting  initiated.  The  value  of  capacitance  did  not  change  by  DNBM  beatment 
indicating  that  foe  coating  thickness  did  not  change.  A  216h  ^t  spray  exposure  test 
proved  foat  foe  tccc  beated  panels  had  good  ratings,  with  and  without  DNBM.  Bare 
aluminum  panels  with  DNBM  showed  more  corrosion  than  foe  tccc  beated  panels 
without  DNBM. 

Elecbochemical  dc  polarization  measurements  of  conversion  coatings  were  also 
made  and  are  reported  in  Figure  10,  (a)  through  (d).  It  was  interesting  to  note  that 
immersion  (pre-beatment)  time  in  bivalent  chromium  bath  was  directly  related  with  foe 
shift  of  polarization  curves  at  point  of  inflexion  or  E  at  1=0  to  more  negative  potentials. 
This  was  true  with  foe  tccc  panels  post-beated  with  KMn04  or  H0O2.  However,  foe 
non  post-beated  tccc  panels  show^  a  more  nobling  effect  of  tnis  potential  as  foe 
immersion  time  increa^.  From  5  to  40  min.  immersion  time  in  bivalent  chromium 
bath,  foe  potential  shift  was  >50  mV  [cf.  Figure  10(a)  to  Figure  10(d)].  The  shift  in 
potential,  E  at  1=0,  for  permanganate  post-treated  tccc  surface  was  most  significant, 
almost  200  mV,  after  40  min.  beatment  time.  When  this  is  compared  with  the  ccc 
coating,  foe  hexavalent  chromium  treatment,  foe  effect  of  beatment  time  was 
insignificant.  Thus,  alluding  to  foe  fact  foat  foe  bivalent  coating  is  veiy  much  different 
from  foe  hexavalent  coating  in  its  electrochemical  nature,  cathodic  versus  anodic 
conbols,  respectively,  and  it  does  change  after  foe  post-treatment.  Compared  to  foe  ccc, 
foe  tccc  coatings  after  foe  post-treatment  are  highly  cathodic  in  nature  and  do  not  provide 
foe  same  passivating  effects  as  offered  by  hexavalent  chromium  ions,  even  after  a  post- 
treatment  with  an  oxidizer. 


SUMMARY  AND  CONCLUSIONS 

Elecbochemical  impedance  measurements  have  shown  that  trivalent  chromium 
conversion  coatings  on  A1  7075-T6  alloy  can  provide  high  corrosion  resistance  by  itself 
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and  even  much  greater  protection  when  post  treated  by  an  oxidizer.  This  was  evident 
from  their  polarization  resistance  values  as  being  about  100  times  higher  than  that  of  the 
bare  aluminum  for  up  to  two  weeks  of  exposure  in  a  3.5%  NaCl  solution.  After  two 
weeks  the  resistance  dropped  as  some  pitting  occurred.  The  polarization  resistance  of  a 
conventional  chromate  (Cr"*"®)  conversion  coating  was  also  in  the  same  range,  but  stayed 
fairly  constant  for  a  long  period  of  time  indicating  a  better  long-term  protection.  The 
EIS  plots  also  showed  a  broad  maximum  of  the  phase  angle  as  long  as  the  coatings  were 
protective.  The  DNBM  post-treatment  showed  enhanc^  corrosion  protection  of  the 
trivalent  chromium  conversion  coating  and  also  some  what  better  than  with  the  peroxide 
or  permanganate  oxidizers. 

Initially,  the  capacitance  value  of  the  ccc  was  somewhat  lower  than  for  the  tccc, 
thus  suggesting  its  higher  coating  thickness.  However,  after  a  day  of  immersion  it 
became  constant  and  almost  the  same  for  both,  irrespective  of  their  nature  of  protection. 
This  implied  that  the  capacitive  region  of  the  impedance  spectrum  does  not  relate  to  the 
beginning  of  pitting  corrosion  unlike  the  polarization  resistance.  The  capacitive  behavior 
of  bare  aluminum  and  its  magnitude  implies  that  it  is  covered  with  an  oxide  film  which  is 
almost  as  thick  as  for  the  tccc.  However,  this  oxide  film  does  break-down  within  few 
hours  as  was  evident  from  the  increase  in  its  capacitance  and  observation  of  pitting. 

The  dc-polarization  measurements,  E  vs.  log  i  plots,  indicate  that  the  trivalent 
chromium  coatings  are  predominantly  cathodic  in  nature  in  contrast  to  hexavalent  Cr 
which  provides  a  more  noble  (passive)  potential  to  the  aluminum  surface  when  treated. 
As  the  tccc  coating  gets  thicker  with  longer  pre-treatment  in  trivalent  bath,  the  anodic 
polarization  curve  shifts  to  more  noble  values  but  after  post-treatment  with  an  oxidizer  it 
shifts  to  more  cathodic  domain.  Thus,  suggesting  a  veiy  different  mechanism  of 
corrosion  protection  and  predominantly  by  controlling  cathodic  processes. 

In  order  to  determine  the  relevance  of  EIS  measurements  for  predicting  the 
corrosion  protection  properties  offered  by  the  coatings,  its  results  were  compared  with 
that  of  salt  spray  exposure  testing  of  panels.  There  was  an  accordance  in  that  the  oxidizer 
post-treatments  of  the  tccc  improved  corrosion  protection  considerably.  However,  in  the 
salt  spray  tests  the  post-treatment  with  permanganate  was  rated  higher  than  for  peroxide 
whereas  from  the  impedance  measurements  it  could  not  be  shown  different.  The 
impedance  sp^tra  for  ccc  predicted  a  somewhat  better  long-term  protection  and  was  in 
accordance  with  long-term  salt  spray  corrosion  tests. 
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Figure  1  -  Bode-plots  for  bare  A1  7075-T6  during  exposure  to  3.5%  NaCl 
solution. 


log  frequency  (Hz) 

Figure  2  -  Bode*plots  for  A1  7075-T6  with  bivalent  chromium  conversion 
coating  (tccc)  post  treated  with  KMnO^  during  exposure  to  3.5%  NaCl 
solution. 
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Figure  3  -  Bode-plots  for  A1  7075-T6  with  chromate  conversion  coating 
Alodine  12(X)  (ccc)  during  exposure  to  3.5%  NaCl  solution. 
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Figure  4  •  Time  dependence  of  the  polarization  resistance  R  (average  of  4 
measurements)  for  A1 7075-T6  bare,  with  ccc  and  with  different  post 
treatments  of  tccc. 
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Figure  5  •  Time  dependence  of  the  coating  capacitance  C  (average  of  4 
measurements)  for  A1  7075-T6  bare,  with  ccc  and  with  different  post 
treatments  of  tccc. 
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Figure  6  -  Bode-plots  of  bare  A1 7075-T6  after  DNBM-  treatment  during 
exposure  to  3.5%  NaCl  solution. 
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Figure  7  -  Effect  of  DNBM-treatment  on  Bode-plots  for  A1 7075-T6  with  u 
without  post  treatment  (no  p.t.)  during  exposure  to  3.5%  NaCl  solution. 
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Figure  8  -  Effect  of  DNBM-treatmcnt  on  Bodc-plots  for  A1  7075-T6  with  tccc 
with  post  treatment  (p.t.)  KMnO^  during  exposure  to  3.5%  NaCl  solution. 


11 


phase  angle  (deg)  ^  angi*  (jeg) 


NAWCADWAII-94014-60 


10000 


Resistance  (kohm  cm*) 


Figure  9  -  Polarization  resistance  of  panels  like  shown  in  Figures  6,  7  and  8 
with  and  without  DNBM  treatment. 
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